New Zealand is unique in that half of its national greenhouse gas (GHG) inventory derives from agriculture -predominantly as methane (CH 4 ) and nitrous oxide (N 2 O), in a 2:1 ratio. The remaining GHG emissions predominantly comprise carbon dioxide (CO 2 ) deriving from energy and industry sources.
INTRODUCTION
Emissions of the greenhouse gases (GHG) carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O) increase radiative forcing of the troposphere and affect global climate change (Jain et al. 2000; Houghton et al. 2001) .
Atmospheric CO 2 contributes about 60% to the enhanced global greenhouse effect and mainly derives from combustion of fossil fuels. CH 4 contributes about 20% of the greenhouse effect with concentrations increasing at a rate of about 0.4% a year, and N 2 O is responsible for approximately 5% of the global enhanced greenhouse effect with atmospheric concentrations increasing at a rate of 0.2-0.3% a year (Houghton et al. 2001) . Approximately half of all GHG emissions from New Zealand are from agriculture and predominantly comprise CH 4 and N 2 O in an approximately 2:1 split (CO 2 equivalents). The dominant source of CH 4 is enteric fermentation from ruminant livestock (cattle and sheep) (Equation 1), whereas N 2 O emissions originate from nitrogen (N) applied to soil in fertilizer and from animal dung and urine, via coupled nitrificationdenitrification (Equations 2 and 3).
Non-agricultural emissions from New Zealand are predominantly CO 2 from the energy and industrial sectors of the economy.
The New Zealand Government has identified key ways to offset agricultural GHG emissions via sequestration of CO 2 by either extensive or riparian afforestation of pasture;
nitrogen management through nutrient budgeting and use of nitrification inhibitors, and minimising soil anoxia for mitigating N 2 O emissions (Di & Cameron 2002) ; and utilizing alternative waste treatment techniques to minimise CH 4 emissions.
Each of these actions also has co-benefits and co-costs (disadvantages) for the aquatic environment because they impinge on important land-water interactions and riparian functions for waterways. In this paper we review the consequences for the aquatic environment of pastoral GHG mitigation options in a temperate climate and derive a conceptual model showing the linkages between land management practices and key waterway values.
MITIGATION MEASURES

Extensive afforestation
Establishing new areas of forest, or converting marginal cropping or grazing land to forest is widely recognised as a way of sequestring CO 2 with co-benefits and co-costs for aquatic ecosystems (Farley et al. 2005) . In New Zealand, radiata pine (Pinus radiata) has been the dominant species used in plantation forest and in agricultural afforestation (Fahey et al. 2004) . Conversion of pasture into pine plantation improves stream water quality and biodiversity by reducing inputs of sediment, nutrients, pathogens and agrichemicals. Stream habitat conditions are similar to those in native forest catchments (Fahey et al. 2004; Parkyn et al. 2006; Quinn et al. 2007) with generally lower concentrations of of total N (TN) and total P (TP) in afforested streams than in pasture streams ( Figure 1 ) (Elliott & Sorrell 2002) . Export coefficients for TN and TP are also much lower for native and exotic forest than for different kinds of pastoral agriculture (Figure 1 ). It should be noted, however, that these reductions in concentration and export coefficients occur under long-term steady-state conditions.
When pasture is newly afforested there is a large pool of sequestered N that may be released over time, so that the benefits of afforestation in the short term may not be as great as indicated in the box plots (Parfitt et al. 2003) . Box Forest harvesting generally increases sediment yield for a short time, but averaged over the growth cycle (25 -30 yrs)
the losses from forestry are less than for pasture (Fahey et al. 2004 ). The harvesting phase in production cycles may adversely impact on water and habitat quality.
Other benefits from afforestation include addition of Conversion of pasture to forest typically causes a reduction in water yield (200 -300 mm/yr) (Fahey et al. 2004; Farley et al. 2005) , with reduced stream flows and groundwater recharge, but this effect diminishes with decreasing annual rainfall. Widespread afforestation can also decrease flood peak flows, as observed from paired small catchments in New Zealand (Duncan 1995) .
Riparian afforestation
Riparian afforestation may reduce nutrient inputs through interception of N and P along hydrological flow paths.
Reductions in concentrations of groundwater nitrate of 76-98% have been recorded with the greatest removal (.95%) being by older trees (Ryszkowski & Kedziora 2007) . In addition, the ratio of NH 4 þ ZN to NO 3 2 ZN increases within the soil profile of forested areas. In some instances (notably, where there are wetlands) the end product of riparian denitrification is a high N 2 O:N 2 ratio, This can be mitigated by maintaining wastewater application rates at or below soil infiltration rates and avoiding irrigation where rapid transport via drains is likely (Monaghan et al. 2007) .
Anaerobic ponds used for treating farm wastes may be capped to retain and utilize CH 4 for fuel (with a 21-fold reduction in GHG load following combustion to CO 2 ).
When coupled with other facultative treatment ponds they can be managed to reduce outputs of N, P and microorganisms to the aquatic environment (Craggs et al. 2008 ).
DISCUSSION
The various strategies for mitigating GHG emissions from pastoral agriculture are for the most part beneficial for waterways. Water quality would be improved by having lower concentrations of N, P, sediment and faecal organisms. Concentrations of pesticide residues (viz. herbicides and antihelminthic veterinary remedies like levamisole) would be much lower following conversion of pasture to forest, but not from the fertiliser and waste treatment options (Wilcock 2008) . Stream habitat would benefit from increased shading and woody debris (from extensive and riparian afforestation) but may be offset by sediment inputs from logging and bank re-stabilisation (Parkyn et al. 2006) , and by hydrological changes associated with reduced water yields (Duncan 1995; Farley et al. 2005) .
Assessing these changes may not be easily achieved experimentally and modelling may be the best option to undertake cost-benefit analyses for GHG mitigation mea- 
Conceptual model
This review has highlighted the complex interactions that exist between mitigations to control GHG emissions, and aquatic values. These are summarised in a broad conceptual model of interactions (Figure 2) . Modelling of co-benefits and potential confounding effects could be carried out within this context. The model is based on the Bayesian Belief Network concept for decision making (Oliver & Smith 1990 ) and highlights the key linkages and
